Identification of neurons in the vertebrate retina that may use y-aminobutyric acid (GABA) as their neurotransmitter has relied mainly on the results of studies of [3H]GABA uptake (see ref. 1 for review) or the localization of glutamate decarboxylase (L-glutamate 1-carboxy-lyase, EC 4.1.1.15) (2) . Such studies, however, may not provide sufficient information regarding the density and distribution of GABAergic synapses. Biochemical and histological studies have used the GABA analogue [3H]muscimol as a specific probe to investigate the properties of GABA synaptic receptors in the vertebrate central nervous system (3) (4) (5) (6) (7) (8) . However, the usefulness of [3H]muscimol has been questioned because of demonstrations of appreciable transport of [3H]muscimol into central nervous system tissue (6, 7) . In a previous study (9) we found specific and saturable binding of [3H] muscimol to retinal membranes of goldfish and chickens. However, the localization of this binding to membranes in intact retina by light microscopic (LM) autoradiography was not determined because a large amount ofuptake labeling occurred under our incubation conditions. In the study reported here we have localized GABAergic synaptic receptors by dry-process LM and electron microscopic (EM) autoradiography in both the outer plexiform layer (OPL) and inner plexiform layer (IPL) of chicken retina.
MATERIALS AND METHODS Experimental animals were adult chickens (Gallus domesticus).
[3H]Muscimol (side-chain labeled, 12.9 Ci/mmol; 1 Ci = 3.7 x 10" becquerels) and [3H]GABA (54 Ci/mmol) were obtained from New England Nuclear. The purity of [3H]muscimol after in vitro incubation in retinal tissue is presented elsewhere (9) .
Light Microscopic Autoradiography. Chickens were decapitated, the eyes were enucleated and hemisected, and the vitreous fluid was drained off. The posterior portion ofthe eyecup was immersed in 0.1% formalin/0. 1 M sodium phosphate pH 7.4, at 20'C for 90 min and cryoprotected in 30% (wt/vol) sucrose/phosphate buffer for [6] [7] [8] [9] [10] [11] [12] (Fig. la) . There was no indication of somatic labeling. A bright-field micrograph of the same retinal area illustrated the histological integrity of the cryostat sections ( (9) . Because uptake mechanisms should be inactive in aldehyde-fixed and cryostat-sectioned tissue, we conclude that the labeling pattern in Fig. la (13) . Many of the postsynaptic elements could be identified as amacrine cell processes by their cytoplasmic appearance or the presence of conventional synapses. A smaller percentage of bipolar processes, identified by their dark cytoplasm, dense aggregate of synaptic vesicles, and occasional synaptic ribbon, were postsynaptic elements as well. Other unidentified postsynaptic processes could belong to ganglion cell dendrites. No grains were ever observed overlying a ribbon (bipolar) synaptic complex. Silver/gold sections (1000 A) exposed for 20 days were subjected to statistical analysis to determine whether amacrine synapses were a major source of the silver grains. In the area of the IPL investigated (1600 kum2), there were 441 amacrine synapses and 97 silver grains. The distance from the center ofeach grain was measured to the center of the nearest amacrine synaptic membrane. This measurement treats the amacrine synapse as an integrated point source. The largest frequency of grains occurred within 725A of an amacrine synapse, with progressively fewer as distance increased, although there was evi- ) of radioactivity (11) and a random distribution (---) of silver grains within this population of amacrine synapses.
dence for a minor peak between 2.5 and 5.5 HD (Fig. 4) tNumber of synapses within 3 HD of a silver grain; situations in which more than one grain was associated with a single synapse are not counted. t Maximal number of synapses expected to be associated with silver grains; this was obtained by dividing the number observed at 3 HD by the fraction expected at 3 HD (0.74). (Fig. 7a) . These grains rarely appeared over the synaptic ribbon itselfbut tended to be over the membranes ofthe horizontal cell dendrite and the cone terminal, suggesting that the source was membrane bound rather than uptake by the horizontal cell. Statistical treatment of the distribution of these grains was not fea- sible because there is no obvious postsynaptic specialization on the cone terminal to serve as a target for measurement. However, we believe that these grains represent membrane binding and not uptake of [3H]muscimol because horizontal cell dendrites that were not lateral to a synaptic ribbon but still were within the cone invagination rarely contained a silver grain (2 of 34 grains). No grains were located over rod photoreceptor terminals.
In the second group, 45 grains were associated with specialized membrane junctions proximal to photoreceptor terminals (Fig. 7b) . These junctions were characterized by a regular spacing between the two processes and the appearance of a dense fuzz on the cytoplasmic side of the plasma membrane of one of the processes. Neither process contained synaptic vesicles. The number of grains plotted as a function of the center-to-center distance to the nearest junction is shown in Fig. 8 (9) and histological studies (ref. 9 ; Fig. 1d) muscimol. This is important because muscimol does not inhibit the uptake of [3HIGABA in chicken or goldfish retina (9) . This is consistent with the specificity of[3H]muscimol for GABA synaptic binding sites rather than uptake in other parts of the central nervous system (4-6) although, in rat brain, [3H]muscimol may bind to sites that are not affected by low concentrations of GABA (6) . We thus conclude that binding sites for [3H]muscimol in chicken retina represent GABAergic synapses.
The localization of synaptic binding in the IPL shows that only certain classes ofamacrine cells make GABAergic synapses that can include ganglion cells, bipolar cells, and other amacrine cells as the postsynaptic element. This is consistent with electrophysiological studies in other vertebrates which demonstrate the involvement of amacrine cells in GABAergic transmission (14, 15 The identity of these junctions is not clear although it is likely that one ofthe elements is a horizontal cell dendrite whereas the second process could belong to a neurite ofa horizontal cell, bipolar cell, or photoreceptor. It is possible that horizontal cells exert a direct inhibitory effect on bipolar cells at these junctions, complementing an indirect effect through, a feedback synapse at the cone terminal.
These findings raise serious questions concerning the use of amino acid uptake patterns as indicators of synaptic integration not only in the retina but in other central nervous system tissues as well. We have shown in the chicken IPL that the distribution of GABAergic synapses differs markedly from the density of [3H]GABA uptake. Although this may not be the case for all preparations, one should exercise extreme caution in making statements about synaptic function based on uptake studies alone. For example, in chicken retina, classes of both amacrine cells and ganglion cells take up GABA. Ganglion cells, however, are not presynaptic neurons in the retina. Therefore, their uptake ofGABA is either as a postsynaptic element or unrelated to GABAergic transmission. How then can one decide whether the uptake of [3H]GABA by amacrine cells reflects their activity as presynaptic or postsynaptic processes? In addition, the redistribution of [3H]GABA throughout the neuron during the incubation period does not permit identification of uptake sites, which may or may not be related to synaptic receptor sites. Thus, to specify neuronal integration, the distribution of synaptic binding appears more appropriate than the distribution of uptake.
